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Abstract
Gasoline is a complex mixture of many components in variable proportions. Its composi-
tion varies from brand to brand, from refinery to refinery and from season to season. The
composition of gasoline vapors is dominated by volatile aliphatic hydrocarbons, while
the biggest single component in modern reformulated gasoline is oxygenated methyl tert-
butyl ether (MTBE) and methyl tert-amyl ether (MTAE). Until now, the most hazardous
components have been assumed to be aromatic hydrocarbons, especially benzene, but re-
cently interest has also been focused on these new oxygenated components.
Several groups of workers are exposed to this complex mixture repeatedly. Road tanker
drivers have the heaviest exposure. In addition, a vast number of ordinary people are fre-
quently exposed while refueling their cars.
This study was carried out at a time when new vapor recovery systems were being
introduced into the gasoline transportation chain from the refinery to the service sta-
tions, called Stage I. In Finland, the service stations are also partly equipped with local
exhausts and connected to a vapor recovery system. This is called Stage II. Both occupa-
tional and non-occupational exposures to gasoline vapors were reduced significantly after
the installation of this new technology.
The loading and unloading of the tanks, which lasts about half an hour, usually takes
place three times a day, on some 200 days a year. During these tasks, the concentrations
of C3-C11 hydrocarbons and MTBE varied between 5–500 and 1–20 mg/m3, respec-
tively. The exposure of harbor and depot workers was clearly lower, 0.5–40 and 0.2–7.5
mg/m3, respectively. The mean customer exposure varied from 46 to 162 mg/m3 for hy-
drocarbons, from 0.5 to 2.1 mg/m3 for benzene and from 5.6 to 23 mg/m3 for MTBE.
In the worst case exposure scenario, the 90% values of short-term measurements var-
ied from 84–1119 mg/m3 for hydrocarbons and from 30–180 mg/m3 for MTBE among
drivers. The benzene concentrations of road tanker drivers were 0.25–17.5 mg/m3 in short-
term measurements and 1.3–36 mg/m3 for the 90% worst case scenario.
The results of the active sampling for short-term measurements and of the passive
sampling for long-term measurements were similar. The airborne levels of MTBE, MTAE,
benzene and toluene correlated well with the corresponding biological monitoring for
non-smokers. Both methods also gave results comparable to other studies. During the
study period the exposures fell due to the new technology vapor recovery systems and the
reformulation of gasoline. The exposure to benzene, one of the descriptors, decreased down
to as low as 1% from the level at the beginning of the study in the early 1990s.
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1. Introduction
When assessing exposure to gasoline, occupational health experts have paid particular at-
tention to certain, especially toxic components, such as alkylead, 1,3-butadiene, hexane
and benzene. The composition of gasoline has changed with time due to the technical
development of the spark ignition combustion engine and to environmental considera-
tions. Recent development has brought about a shift to unleaded fuels containing oxy-
genates.
The USA has had a pioneering role in the development of the environmental protec-
tion control of gasoline due to the country’s high automobile density and serious envi-
ronmental problems, especially on the urban West Coast. However, even there, this legis-
lation came into effect as late as in the 1990s with the Clean Air Act amendments (CAAA
1990) and led to the development of improved handling technology and vapor recovery
systems. The European Union directives have been given even more recently, 94/63/EC,
98/70/EC and 2000/71/EC (EC 1994; EC 2000). These ordinances have brought refor-
mulated gasoline to the European market.
The Finnish oil refinery industry is relatively small and young, and it has been able to
develop its production technology rapidly in line with the increasing environmental aware-
ness. Thus, the production of new reformulated gasoline brands started early in Finland.
The reformulated gasoline (RFG) containing 12% MTBE came on the market in 1994.
A new oxygenate, MTAE was introduced in June 1995 to replace some of the MTBE
consumption. These new components were shown to reduce exhaust gas emissions, but
their exposure risks were largely unknown.
In this study, new data have been collected under various new conditions and com-
pared with other similar data on exposure to new types of gasoline used in the 1990s. The
important task of the risk estimation is to find the reasonable worst case 8-hour estimates
for variable working conditions. This assessment is an important outcome of the present
work.
1.1 Properties and use of reformulated gasoline
Historical background, production and composition of RFG
The combustion engine and gasoline have coevolved with the primary emphasis on the
improvement of power, efficiency and drivability. At the end of the 1930s, lead was added
to gasoline to increase knock resistance, allowing higher compression ratios and greater
efficiency. In the 1940s, catalytic cracking was introduced, and gasoline compositions
became fairly consistent. In the 1950s, octane ratings, lead levels, and vapor pressure in-
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creased, whereas sulphur content and olefins decreased. Some new refining processes, such
as hydrocracking, specifically designed to provide hydrocarbon components with good
lead response and octane rating, were adopted. Minor improvements were made to gaso-
line formulations to improve yield and octane rating until the late 1970s, when unleaded
fuels were introduced to protect the exhaust catalysts that were gradually being installed
to cars for environmental reasons. In 1976, Germany was the first country in Europe to
regulate lead level to 0.15 g/l, and Finland followed soon after. When lead levels decreased,
vapor pressures, and the content of olefins and aromatics increased. In addition, oxygen-
ated compounds were added (Fabri J et al. 1990).
In the USA, the CAA 1990 amendments caused again major compositional changes
to gasoline, i.e. the lowering of vapor pressure and increasing of oxygenate levels (CAAA
1990). The new, so-called oxygenated gasolines contained either ethanol or methyl tert-
butyl ether (MTBE). Adding oxygen to gasoline allows more complete combustion of the
fuel, and this reduces the exhaust emission of carbon monoxide. At present, MTBE is the
most common oxygenate, and it is used worldwide as an octane enhancer and to reduce
motor vehicle emissions of carbon monoxide. In California, so-called reformulated gasolines
(RFG) were developed. These require the hydrocarbon composition to be modified more
than in the ordinary oxygenated gasolines to reduce unsaturates, benzene, volatility and
the reactivity of emissions (Davidson J M et al. 2000; Stern B R et al. 1997).
As air quality also became a big issue in Europe, the EU adopted a directive setting
new specifications for gasoline, i.e. EC Directive 98/70/EC, which has now been changed
to 2000/71/EC. The corresponding statutes in Finland are 786/1999 and 1271/2000. By
the end of 1992, the market share of unleaded gasoline was 70%, which in Finland con-
tained about 2% MTBE. In 1994, reformulated gasoline came on the Finnish market,
containing at first about 11% MTBE both in the 95 and 98 octane brands. After June
1995, a part of MTBE was substituted with methyl tert-amyl ether (MTAE) in the 95-
octane brand, but the total concentration of oxygenates was kept unchanged.
There are no complete official records for oxygenates. RFG consumption is estimated
by random sampling among gasoline retail chains and by analyzing the content of oxy-
genates in the marketed products (EPA Oxygenates Web Sites, last updated July 28, 2000).
The Oil Companies’ European Organization for Environmental and Health Protection
(CONCAWE) has studied the quality of European gasolines and measured the MTBE
concentration in the unleaded 95 octane gasolines. The averages of 13 countries varied
from 0.0 to 8.0%. The highest average (8.0%) was found in Finland (CONCAWE 1998).
In another data from 1998–99 (Miller K D 2000), Finnish gasolines with MTBE con-
tents above 10% were shown to depart from the other European fuels. The gasolines of
other Western European countries had, on the average, 2% oxygenates. Only Finland
and France were reported to use other oxygenates than MTBE, namely MTAE in Finland
and ethyl tert-butyl ether (ETBE) in France.
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1.2 Vapor composition and control of vapor
emissions
Vapor pressure and partial vapor pressure
Gasoline vapors escape into the atmosphere during the bulk loading and storage of gaso-
line products. The extent of this emission depends on the temperature and the composi-
tion of the liquid as well as on the volume available for the gas phase. These emissions are
not only ambient pollutants, but may also pose a health risk to workers who inhale them
during the handling of the gasoline.
The Reid vapor pressure (RVP, a standard measure of gasoline vapor pressure accord-
ing to ASTM D-323) of the gasoline has been used as a measure of its volatility. During
the winter season, the maximum RVP of gasoline is less than 80 kPa in the Nordic coun-
tries to allow smooth functioning of engines in the cold. In Finland, the maximum RVP
was 70 kPa in the summer season until the year 2001, but it was then lowered to less than
60 kPa.
The gas phase concentrations of a volatile solute (the component in liquid mixture)
can be determined as a peak area taken from the headspace chromatogram. The area is
linearly related to the partial pressure of the mixture component in the gas phase, as ex-
pressed in Henry’s Law.
This is also true for the gas phase above bulk liquid when there is saturated vapor in
the tank. In this case, the major components are the most volatile C3-C4 compounds,
even if their aliquot in the bulk is not very large (Verma D K et al. 1992). The compositon
of the gasoline vapor remains the same when it is vented and diluted to the ambient air
(Halder C et al. 1986; White M C et al. 1995).
Storage, transport and unloading technology
At each point where gasoline is stored or transferred, there is a potential for vapors to
escape. The vapor pressure provides the driving force for the emission. According to the
1990 amendments to the Clean Air Act in the United States, and the 1994 European
Commission Directive 63/94/EC (EC 1994), storage installations and loading and un-
loading equipment must be designed and operated in accordance with the technical pro-
visions to reduce emissions of volatile organic compounds (VOC). This requirement has
led to the development of a vapor recovery system (VRS), called Stage I, for the storage
and distribution of gasoline. All road tankers should be designed to accept and retain
return vapors from storage installations at service stations. In other words, except for re-
lease through pressure relief valves, the vapors are retained in the tanks until reloading
takes place at a terminal. The Stage I vapor recovery system must be in use at all service
stations in the European Union by the end of the year 2004. Large stations with an an-
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nual through flow exceeding 1000 m3 should have been repaired already before the begin-
ning of 1999.
The Stage II vapor recovery system is designed to reduce the vapor emission during
the refueling of small vehicles. When the gasoline is refueled at service stations, the same
volume of saturated gasoline vapor is discharged from the tanks of cars. At service sta-
tions equipped with a Stage II vapor recovery system, the gasoline vapor is captured dur-
ing refueling into underground storage tanks, from where it is transferred to the road
tanker during unloading, and transported back to stocks for condensation. Several tech-
nologies are available. In Finland, the vapors are trapped with a nozzle exhaust. The shift
to the Stage II vapor recovery system varies from one service station to another. This time-
table depends on the oil companies. Finland has no legislation yet to obligate service sta-
tions to install a Stage II vapor recovery similar to the 63/94/EC, which governs the tran-
sition to Stage I.
EXPOSURE TO REFORMULATED GASOLINE
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2. Exposure to reformulated gasoline
2.1 Exposure measurement methods
Air sampling and analytical methods
Gasoline contains many hydrocarbons, which volatilize easily. In analytical studies, 150–
200 hydrocarbon compounds have been reported in common gasoline. About 95% of
the components in the vapor phase of gasoline are various aliphatic and alicyclic com-
pounds, and usually less than 2% are aromatics (Widowo 1992).
The workers’ exposure to gasoline vapors can be estimated by collecting samples at
their breathing zone. The samples are then sent to a laboratory for analysis. The sampling
methods are classified into active sampling with a pump, and into passive sampling based
on a diffusion sampler. In both cases, samples are generally collected onto a solid adsorb-
ent, most commonly activated carbon (AC). The prototype of the active sampling sys-
tems with charcoal tubes was published in the modern and still-used version by the Na-
tional Institute of Occupational Safety and Health (NIOSH), Manual of Analytical Methods
(NIOSH 1977). This was also adopted as the Finnish standard method (SFS 1978).
Tubes with 150 mg AC and calibration with a sample of bulk gasoline have been
recommended in the USA (Kearney et al. 1986; OSHA 1987). Rappaport utilized tubes
with 600 mg AC for an 8-hour time-weighted average (TWA 8h) measurements and re-
ported detailed exposure to 55 components including propane (Rappaport et al. 1987).
CONCAWE recommended the use of two simultaneous adsorbents for thermal desorption
and a calibration scheme with ten hydrocarbons (HC) (CONCAWE 1986).
The addition of MTBE in the 1990s brought up the need for the simultaneous analysis
of oxygenates. These tended to mix with the light HCs in complex chromatograms (Kanai
et al. 1994; NIOSH 1994; NIOSH 1994b; Palassis et al. 1993; Perry 1990). These ana-
lytical problems were, however, solved with various combinations of polar and non-polar
columns, or the quality of a single capillary column, cooling, temperature programming
and detection technology. Perry developed a multidimensional GC-method for gasoline
vapor; it was a modification of two column and two detector systems of an ASTM method
(ASTM D4815). In addition to the common flame ionization detectors (FID), occupa-
tional hygiene laboratories also employ more specific electron impact (EI) and mass spe-
cific detectors (MSD) (Backer et al. 1997; Kanai et al. 1994; Vainiotalo et al. 1998). Be-
sides the analysis of total hydrocarbons, methods were also developed for total aromatic
hydrocarbons and separate components (Verma et al. 1999; Zoccolillo  et al. 2000).
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Table 1. Summary of methods with active sampling and capillary GC
analysis in the 1980s.
Source Adsorbent/ Desorption Capillary Column/ DL/range (1) Calibration
beds (mg) separated HCs
CONCAWE Chromosorb thermal OV1701+DC200/ 0.5–250 µg/tube external
(1986) standard
106 + AC MTBE+150 HCs total 2 mg/tube 10 HCs
Kearney AC liquid SE-30/45 HCs 10 µg/tube internal
et al. standard
(1986) (100+50) CS2 0.5–125 mg/m
3 dodecane
Rappaport AC (400+200) liquid SPB-1/55 HCs external
et al. standard
(1987) CS2 24 HCs
OSHA AC liquid DB-wax/ 9 µg/inj external
PV2028 standard
(1987) (100+50) CS2 total area of HCs gasoline
(1) DL = detectionm limit
Table 2. Analytical GC systems used to separate and quantify oxygenates
in vapor or liquid gasoline
Source Object Column Columns Detector Quantification
system
Perry several one packed TCEP+RSL-160 two FIDs response factors
(1990) oxygenates precolumn + two and HP-1, polar of oxygenates
in gasoline parallel capillary and non-polar related to
pentane
Palassis separate MTBE one column HP, dimethyl FID external
et al. from overlapping cooling system silicone, standard
(1993) 2,3-dimethyl non-polar of MTBE
butane
Kanai MTBE m/z=73 one column HP PONA EI MS area of ions 57
et al. MTAE m/z=73 non-polar and 73, internal
(1994) over 2% standard of TBA
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Pristas conducted a laboratory study in which he evaluated the charcoal tube method
and passive monitors, and found that both methods provided precise and accurate re-
sults, well within the NIOSH acceptability criteria of ±25% (Pristas1991). Purdham et
al. published a detailed comparison of charcoal tube and passive dosimeters for monitor-
ing exposure to 54 components of gasoline (Purdham et al. 1994). The performance of
the dosimeters was good, and an excellent correlation (r=0.99) was found under labora-
tory conditions, but field samples showed greater variability (r=0.58).
Tubular diffusive monitors with thermal desorption systems were developed by sev-
eral commercial enterprises in the early 1980s, and these were soon accepted by the scien-
tific community at the time (Brown et al. 1981; Cao et al. 1993; CONCAWE 1986).
The UK Health & Safety Executive (HSE) has published methods for the determination
of hazardous substances (MDHS), and two of these methods specify thermal desorption
to be used either with pumped or diffusive air sampling of gasoline components (HSE
1985; HSE 1989). The development from conservative pumped charcoal sampling with
liquid desorption to passive sampling with polymer sorbents and subsequent thermal
desorption has been faster in Europe than in the USA. The first NIOSH method on
thermal desorption was published only in 1996. The advantages of the tubular diffusive
samplers include the possibility to use automated desorption systems and low detection
limits (DL) in the range of a few picograms. The International Organization for Stand-
ardization (ISO) also proposed standards for both active and passive sampling methods
(ISO 1999; ISO 2000).
Different polymeric sorbents are recommended for the diffusion sampling of aro-
matic and aliphatic compounds with wide a range of boiling points and polarities (ISO
2000). Tenax GR (polydiphenyl oxide), the partly graphitized version of Tenax TA has
been reported to be good with respect to stability, batch homogeneity, sampling capacity,
low moisture retention and blank development (Cao et al. 1993; Peters et al. 1994).
2.2 Exposure in the transfer of gasoline
Exposure before VRS program
CONCAWE gathered results on occupational hygiene measurements of road tanker drivers
from European countries in the 1980s. According to this report (CONCAWE 1987), the
drivers were exposed especially during loading at terminals and during unloading at serv-
ice stations. The workers at terminals were exposed mainly during loading operations of
railcars with open hatches and without a vapor recovery system (VRS). The road tanker
drivers’ mean exposure to total hydrocarbons (n=142) was 451 mg/m3 (range 6.4–3030
mg/m3) during top loading and 6.1 mg/m3 for benzene (range <0.1–60.5 mg/m3). The
corresponding values for bottom loading were 79 mg/m3 of total hydrocarbons (n=59,
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range 8.2–234 mg/m3) and 1.4 mg/m3 for benzene (range <0.1–55 mg/m3). The expo-
sure periods lasted less than one hour.
In the USA, Halder et al. (1986) measured road tanker drivers’ 8-hour shift exposure
during top and bottom loading with mean values of 46 to 90 mg/m3 for the total amount
of hydrocarbons and 0.9 to 1.1 mg/m3 for benzene. Nordlinger and Ramnäs (1987) re-
corded short-term benzene exposure in various occupations in Sweden. The road tanker
drivers’ exposure to benzene depended on how well the loading area was closed, and on
the techniques used during loading. In their study, the mean benzene concentrations were
3 and 4.3 mg/m3 (range 0.5–12 mg/m3). Berlin (1985) reported that the mean exposure
levels of road tanker drivers to benzene were 13 mg/m3 (range 0.1–142 mg/m3) for load-
ing and 1 mg/m3 (range 0.03–9.25 mg/m3) for unloading. The duration of the measure-
ments was 45 minutes.
In Japan, the benzene exposure of road tanker drivers averaged 0.38–5.2 mg/m3 in
short-term measurements (13–14 min) and 0.04–0.07 mg/m3 in longer measurements
(164–233 min) during loading with various techniques, and also during unloading (Kawai
T et al. 1996). In a similar work, Verma et al. (1992) reported total hydrocarbon (THC)
concentrations of 80–170 mg/m3 in short-term measurements (10–20 min) at the termi-
nals of refineries, and 277–1260 mg/m3 at secondary distribution centers or depots in
Canada. In full-shift measurements, THC concentrations were 20–38 mg/m3 at refiner-
ies and 80 mg/m3 at depots during loading. The mean concentrations of all short-term
benzene samples were 2.86 mg/m3 and 0.52 mg/m3.
Exposure with Stage I VRS
CONCAWE (2000) reported recently on exposure to several gasoline compounds during
tasks done with and without vapor recovery systems. The mean exposure levels in trans-
portation and refueling indicate that a considerable reduction in exposure was achieved
with vapor recovery (Table 3). In Finland, Vainiotalo and Ruonakangas (1999) reported
geometric means (GM) for drivers’ short-term exposures with a remote vent or VRS dur-
ing the summer season. The GMs were 0.95–7.3 mg/m3 for MTBE, 0.61–1.1 mg/m3 for
MTAE and 0.15–0.28 for benzene during the loading of road tankers. They also meas-
ured the drivers’ exposure during unloading, and the GMs were 1.8 mg/m3 for MTBE,
0.30 mg/m3 for MTAE and 0.19 mg/m3 for benzene. The geometric standard deviation
(GSD) values varied between 2.1 and 3.
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Table 3. Exposure data (mg/m3) as TWA 8-hours for workers in various
occupations transferring bulk gasoline (CONCAWE 2000b).
Component Road Road Road Ship, Railcar Terminal Terminal
tanker, tanker, tanker, supervisor mainte-
no VR, no VR, with VR, no VR, no VR, nance
top bottom bottom unloading unloading
loading loading loading
Gasoline 98 55 19 11 37 20 9
Benzene 2 0.8 0.4 0.4 1.3 0.4 0.5
Toluene 0.8 0.9 0.9 1.1 2.7 1.4 1.8
Xylenes 1 2.3 0.4 0.9 1.1 1 1.6
n-Hexane 8 – 0.4 0.5 1.8 0.4 1.1
MTBE – 8 0.3 0.5 – 1.3 1.3
MTAE – – – 0.5 – 0.4 0.3
Customer refuelling and Stage II VRS
When a car is refueled at a Stage I service station, an equal volume of saturated gasoline
vapor is discharged from the tank to the customers’ or service station attendants’ breath-
ing zone, creating an exposure peak. At service stations equipped with Stage II VRS, most
of the gasoline vapor is captured with a local exhaust system back into the storage tanks
aiming to reduce the exposure. The oxygenated gasoline (MTBE content 15%) has been
suspected of irritative effects among consumers (Fiedler et al. 2000; Moolenaar et al. 1994).
Vainiotalo et al. (Vainiotalo et al. 1999) found that the means of customers’ exposure
to MTBE were 7.4–9.7 mg/m3 at two Finnish service stations without VRS. The mean
values for benzene were 0.77–1.0 mg/m3. The GSD’s varied between 5.8 and 8.9, and the
mean refuelling times were between 58 and 71 seconds. Hartle measured full-shift MTBE
concentrations at service stations with and without Stage II VRSs and found a reduction
of 50% in the exposure of the attendants (Hartle 1993).
In the United States (North Carolina) Egeghy et al. (2000) reported recently a mean
benzene concentration of 2.9 mg/m3 (SD 5.8 mg/m3) during 3 min on average. Stage II
VRS were not used on the gasoline pumps, but the nozzles were fitted with rubber splash
collars. Backer et al. (1997) conducted a study on refueling ethanol oxyfuel in Alaska.
The mean benzene concentrations of two groups (n=30) were 0.8–1.2 mg/m3 (250–400
ppb) in the personal breathing zone of people who refuelled without VRS. The mean
sampling time was not given, but breathing zone samples were taken only during pump-
ing.
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In Finland, the number of employees at all service stations was about 8500 in 1996
(ÖKL 1997) but less than 1% of service station attendants dispensed only 1% of the 2
million-ton gasoline sales, 95% of which was without VRS. The number of stations
equipped with Stage II was about 100 at that time. In Finland the occupational exposure
of attendants has not been investigated. The task-specific exposure during refuelling is
the same for an attendant as for a customer. Rappaport et al. (1987) reported full-shift
exposures to THCs of 94.5 mg/m3 without VRS and 11.7 mg/m3 with RVS (n=49). They
found that VRS reduced significantly the attendants’ exposure, as much as down to 12%.
During that time American gasoline contained about 1% benzene in bulk and in vapor
phase (Rappaport et al.1987). CONCAWE (2000) reported 19 mg/m3 exposure to THCs
and 0.25 mg/m3 to benzene as the full-shift exposure for attendants at service stations
without VRS (n=333).
Vehicle refueling has been claimed to be the major source of benzene exposure among
non-smoking people. The mean exposure to benzene is about 2 µg/m3 for the general
working population in Helsinki, Finland (Edwards et al. 2001), which corresponds to a
weekly dose of 20 min mg/m3. An exposure level of 1 mg/m3 for one minute once a week
corresponds to a dose of 1 min mg/m3 per week (Vainiotalo et al. 1998b).
2.3 Health risks and occupational exposure limits
Soon after its introduction, oxygenated gasoline was reported to induce some acute irrita-
tive and neurotoxic effects in both residents and workers (Moolenaar et al. 1994; White
et al. 1995). These symptoms were associated with exposure to MTBE in gasoline. In
experimental studies with pure MTBE, no irritative or neurotoxic effects were, however,
found in MTBE exposure to 1.39 cm3/m3 (Prah et al. 1994); this was chosen to corre-
spond to a typical exposure level. Minor irritative effects were found only at levels of 50
cm3/m3 (Johanson et al. 1995). On the other hand, it has been suggested that certain
subgroups of the population exhibit an increased sensitivity to MTBE (Hong et al. 1999;
Mohr S N et al. 1994). Recently, a controlled exposure study was conducted at concen-
trations similar to those found while refueling a vehicle (Fiedler et al. 2000). The subjects
reported irritative symptoms when exposed to oxygenated gasoline. Opiekun et al. (Prah
et al. 1994) found an increased prevalence of acute symptoms among persons who refueled
their vehicles often.
A few studies on acute and chronic symptoms have also been carried out in Finland.
Hakkola’s enquiry of neurotoxic symptoms did not reveal any additional risk for chronic
exposure among road tanker drivers (Hakkola 1994). Pekari et al. studied the short-term
exposure of a group with clinical methods (1 h in 20–50 cm3/m3) and did not observe
clear irritation or central nervous system effects (Pekari et al. 1997). Also according to the
latest reviews, no serious chronic symptoms have been found due to exposure to MTBE
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in oxygenated or reformulated gasoline (EC 2001). Neither have teratogenic effects been
found in animal tests (CONCAWE 1997). However, low exposure (0.3–1 mg/m3) to
benzene in gasoline has been suspected to cause genotoxic effects among auto mechanics
and refinery workers (Nilsson et al. 1996). Furthermore, there is evidence of an excess
risk of kidney and nasal cancers among service station attendants in the Nordic countries
(Lynge et al. 1997).
The OELs of gasoline or gasoline components have changed during the 1990s in two
respects. The OEL for benzene has been lowered in many countries, including Finland
(Vnp 1999). The OEL of MTBE has been introduced in countries which utilize oxygen-
ates as octane enhancer. However, as shown in Table 4, there are still great differences
between countries (CONCAWE 2000). Sweden issued additionally the short-term OEL
of 220 mg/m3 for MTBE (AFS 2000).
Table 4. Comparison of the 8-hour time-weighted average (TWA 8-h)
occupational exposure limits for gasoline and components in mg/m3
units.
Substance Finland European Sweden United The ACGIH
CAS Commission Kingdom Nederlands (USA)
Gasoline
8006-61-9 – – 250 – 240 890 (1)
Benzene
71-43-2 9.75 (2) 3.25 1.5 16 3.2 1.6
Toluene
108-88-3 190 190 200 190 150 190
Xylenes
1330-20-7 150 221 200 435 210 440
1,3 Butadiene
106-99-0 2.2 – 1 22 46 4.4
n-Butane
106-97-8 1900 – 1500 1430 – 1950
n-Hexane
110-54-3 180 72 90 72 90 175
MTBE
1634-04-4 180 – 110 (3) 92 180 144
MTAE
994-05-8 – – – – – –
(1) ACGIH 1999, TLV 300 ppm is equal to 890 mg/m3, based on a molecular weight of 67.5
(Rappaport et al. 1987).
(2) 9.75 mg/m3 (3 ppm) since 1.9.2000 and 3.25 g/m3 (1 ppm) from 1 June 2003 onwards.
(3) The Swedish short-term OEL is 220 mg/m3 for MTBE (http://www.av.se/regler/afs/2000_03.pdf)
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Thus, most of the gasoline concentrations reported even before the adaptation of VRS
(p. 11–12) did not exceed the lowest Swedish and Dutch OELs. However, the short-term
measurements of benzene exceeded more frequently especially the low Swedish OEL dur-
ing both bottom and top loading. After the adoption of VRS, the OEL has not been
exceeded.
2.4 Modelling and exposure assessment
Models on exposure
In occupational hygiene, a model can be used to describe, in a simplified way, the rela-
tionship between exposure and work practices. The actual pollutant concentration varies
from day to day and from place to place, depending on the distribution of the pollution
sources, weather conditions and local topography. The models are nevertheless able to
simulate the complete physical processes involved (Peretz et al. 1997; Phillips et al. 1999).
The models in occupational hygiene applications can be divided into two main types, i.e.
stochastic (empirical) and deterministic (physical) models (Boleij et al. 1995).
A stochastic model often utilizes the probability distribution function of a natural
process (normal or lognormal) as a model. Simple models have been developed to pro-
duce the worst case scenario of current and future exposures based on the lognormal con-
centration distribution. The model makers apply statistical methods such as linear regres-
sion or analysis of variance.
In occupational hygiene measurements, the variations in concentration are great and
the distributions are generally lognormal, and can be characterized by geometric means
(GM) and geometric standard deviations (GSD) (Peretz et al. 1997). The duration and
frequency of exposure commonly present problems in the sampling strategy in field stud-
ies. It has been emphasized that GSD may be underestimated when the sampling times
are short. A too tight sampling schedule may cause autocorrelation (Buringh et al. 1991).
Usually predictions rely on the assumption that the situation variables remain stationary
in time. However, Roach warned that the variation could be great also if the distribution
changes over long periods due to the installation of control measures (Roach 1991). This
was demonstrated in a study on the relationship between toluene consumption and tolu-
ene exposure. The relationship changed considerably due to alterations in the production
process (Kalliokoski 1990). Thus, the introduction of VRS has been considered as a new
explanatory variable in the assessment of exposure levels to gasoline or its components in
risk assessment projects (EC 2001).
The deterministic models are based on previous test results, pilot-scale tests, maxi-
mum flow rates, or combinations of mass balance as parameters (Tossavainen et al. 1980).
Instead of air monitoring, one can estimate the concentration with physical-chemical
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models. The worst case exposure may also be modeled with deterministic techniques
(Jayjock 1988).
Mulhausen and Damianos (Mulhausen J R et al. 1998) focused on the upper tail of
the exposure profile. The estimation of some appropriate upper percentile was recom-
mended for agents with acute effects. The calculation of a potentially high exposure level
should account for the skewed distribution of environmental data. Mulhausen and
Damianos suggested the 95th percentile to be used as an estimate for the occasional high
exposure peaks. In the case of small sample size, they recommended an upper one-sided
95% confidence limit on the estimate of the 95th percentile to demonstrate statistically
that no more than 5% of the exposure exceeds the standard (short-term OEL). The Tech-
nical Guidance of the European Chemicals Bureau recommended the 90th percentile (n
>12) to be used as a reasonable worst case (RWC) exposure level in the risk assessment
according to the Commission Directive 93/67/EEC and the Commission Regulation No.
1488/94(ECB 1996). Marquard et al. (Marquart et al. 2001) brought forward the idea of
calculating the reasonable worst case model employing the Monte Carlo analysis.
Toxicokinetic models
In addition to ambient air measurements, biological monitoring offers a means to esti-
mate exposure and its risk for health effects. The exposure to gasoline can be assessed by
measuring the concentration of unchanged gasoline components, or their metabolic prod-
ucts in biological specimens, such as urine. Biological monitoring considers the differ-
ences in susceptibility, such as health status and weight (Åstrand 1983). It also accounts
for the distribution, excretion, and the large inter-individual variability in MTBE and
MTAE metabolism. In liver, the rapid oxidative demethylation of MTBE and MTAE
results in the formation of tert-alcohols, tert-butyl alcohol (TBA) and tert-amyl alcohol
(TAA), respectively. (Dekant et al. 2001; Le Gal et al. 2001). As gasoline is a chemical
with a short half-life, and its biological monitoring reflects only recent exposure. The
proper timing of the sampling affects the meaningfulness of the resulting data. Heinrich-
Ramm et al. (Heinrich-Ramm et al. 2000) prepared the recommendations of the Interna-
tional Union of Pure and Applied Chemistry (IUPAC) on biological monitoring and de-
scribed various sampling schedules due to different half-lives including gasoline compo-
nents. The samples for urinary benzene and toluene were suggested to be taken at the end
of exposure. No recommendations were given for tert-ethers or tert-alcohols.
Drotz used a simple pharmacokinetic model to illustrate the relationship between
biological indicators and exposure. When biological monitoring is used to assess the ex-
posure of an individual or a group, the decision based on a single or a few samples de-
pends on the variation of both the air and of the biological monitoring. For short half-
lives, less than 10 h, no conclusions can be drawn on long-term exposure, and biological
monitoring has no statistical advantage over air monitoring. If the half-lives exceed over
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10 h and the variability of the air monitoring results is high (the GSD > 3), then biologi-
cal monitoring is more advantageous (Droz 1993; Droz et al. 1991).
Smith (Smith 1991) used the dose-response relationship derived from laboratory studies
as a means of risk assessment for truck drivers’ occupational exposure to leaded gasoline.
There have been no physiologically based pharmacokinetic models for unleaded gasoline
oxygenates until these days (Licata et al. 2001). Now half-lives are available to describe
the disposition of oxygenates in humans. Elimination half-lives of urinary components
are 4.3 ± 1.4 h for U-MTBE, 10.4 ± 1.8 for U-TBA, 4.3 ± 1.4 for U-MTAE and 6.0 ±
1.6 for U-TAA (Amberg et al. 1999; Amberg et al. 2000; Johanson et al. 1995; Pekari
et al. 1996).
Modeling of the kinetics of the biological indicators of gasoline oxygenates is neces-
sary in the planning and interpretation of biological monitoring. The selection of sam-
pling time is one important decision to be made. The common types of toxicokinetic
models that relate exposure and dose include the correlation model, the compartment
model, and the physiologically based toxicokinetic multicompartment model (PBPK). In
the correlation model, the body uptake is linearly correlated with the duration and inten-
sity of the exposure (Åstrand et al. 1972). The simple compartment model utilizes input
and output data, and considers the human body as constituting one compartment (Fiserova-
Bergerova et al. 1997). PBPK is more detailed; it takes into account the major organs
with their own uptake and elimination processes (Dekant et al. 2001).
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3. Aims of the study
There are some 2000 people working in the gasoline transport chain at the seaside and
inland terminals, service stations and transportation enterprises; these people are exposed
daily to gasoline vapors. In addition, a considerable proportion of the general population
is frequently exposed to gasoline constituents during refueling at service stations. The
composition, transport and vapor control of gasoline has undergone several changes dur-
ing the 1990s. Consequently, the aims of this study were
– To test the effectiveness of the vapor remote vent and vapor recovery systems as
means to reduce the exposure (I, II, III and IV)
– To measure the exposure to new reformulated gasoline constituents among vari-
ous exposed groups, from harbor offloading to service station refueling with spe-
cial emphasis on the worst case modeling (Studies I, II and III)
– To compare the active and passive sampling methods for short-term and full-
shift exposure measurements (Studies II, IV and V)
– To evaluate the applicability and consistency of biological monitoring in order to
describe the exposure to selected gasoline components (Studies IV, V and VI)
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4. Materials and methods
4.1 Workplaces and subjects
In all studies, the road tanker drivers, depot workers, deck men, and refueling persons
were volunteers. It was assumed that the different target groups were exposed uniformly,
i.e., so-called similarly exposed groups (SEG). In Studies IV and VI, half of the drivers
smoked regularly, and all of them in Study V.
The traditional loading technology, which is no longer much in use, i.e. top loading
and bottom loading without any VRS, was investigated in Study I. In Study II, the expo-
sures were measured before and after the installation of Stage I VRS at the unloading
sites. In Study IV, the unloading sites were without VRS, but the depots had a vapor
handling arrangement of the remote venting type. In Study V, the terminals had Stage I
VRS in use, but some of the service stations were still without VRS. In Study VI, the
tanks in the storage area were equipped with floating roofs during the unloading of rail-
way wagons and tankers.
Study III was carried out at two self-service stations in the same urban region. Both
stations had six gasoline pumps and about equal annual through-flows exceeding 1000
m3. One station was equipped only with a Stage I vapor recovery system. The other sta-
tion was additionally equipped with Stage II vapor recovery during refueling.
The mean amount of gasoline delivered daily by a driver varied from 15400–23500 l
in the studies. About 60% of the gasoline was of E95 brand, i.e. unleaded 95 octane
gasoline which contained on the average 8–9% MTBE and 4–5% MTAE, so that the
total oxygenate concentration was 12–13% in the bulk liquid. The rest of the load was
E98 brand, which contained 12–13% MTBE alone. The benzene concentration in the
reformulated gasoline varied between 0.5 and 1%. The Reid vapor pressure of the gaso-
line was 70 KPa in the study periods in summer seasons. The road tankers were also loaded
with heating and diesel oil, but at least half of the load consisted of gasoline (E 95 and
E98). The drivers followed their routine work methods. The oil company had informed
the drivers about the correct work methods with the Stage I system.
4.2 Occupational hygiene measurements
Sampling
Active personal breathing zone samples were collected onto AC tubes (100/50 mg) at
100–200 ml/min using SKC model 222-3 sampling pumps (Johansen et al. 1981; OSHA
1987; SFS 1978). The flow rate of the pumps was measured before and after sampling. In
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Studies I, II and IV, air samples were collected during loading and unloading periods.
Short-term sample collection started at the moment when the valves were opened, and
stopped when the truck was ready to move. In Study IV, the drivers were trained in self-
monitoring during the work tasks. On the average, three periods of exposure (range 2–5)
took place during each work shift. In Studies V and VI, occupational hygienists carried
out the full-shift sampling with passive dosimeters. All samples were stored in a cool place
and analyzed within two weeks from sampling.
The field measurements in Study III were carried out on successive days at both sta-
tions. The customers’ exposure to gasoline vapors was studied by collecting air samples at
their breathing zones onto AC tubes during refueling. The sampling tube was placed close
to the customer’s face during the refueling. The sampling was started when the person
inserted the pump pistol into the fuel tank of the automobile, and stopped when the
pump pistol was replaced into its holder. Twenty customers were investigated at both
stations during one day. The duration of refueling and the volume of gasoline were re-
corded. The sampling characteristics are shown in Table 5.
Table 5. Characteristics of air sampling and analysis methods of gasoline
vapor in Studies I–VI.
I II III IV V VI
Duration short-term short-term short-term short-term TWA TWA
Sorbent AC AC AC AC Tenax GR Tenax GR
Sampling active active active active passive passive
Desorption DMF DMF DMF DMF thermal thermal
Columns dual dual dual dual single single
Detection FID FID FID FID ion-specific ion-
specific
DL (mg/m3) 0.1 0.1 0.1 0.1 0.005 0.005
n 21 28 20 33 29 13
Activated carbon tubes
The active sampling into activated carbon (AC) tubes was a standardized method which
had to be tested for gasoline vapor. The sampling was found to be safe up to 4–6 dm3 of
air for light hydrocarbons. The back-up charcoal layers of the sample tubes were analyzed
routinely, and small amounts of C
3
-C
4
 compounds were detected, but always less than
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2% of the total mass in the primary sampling zone (Study IV). None of the samples were
rejected because of the breakthrough. A common criterion is the detection of more than
20% in the back-up section. The validity of the charcoal tube sampling and the liquid
desorption with the phase equilibrium standardization method was investigated for MTBE
and MTAE in an interlaboratory comparison between FIOH laboratories. No major bi-
ases were found (Peltonen et al. 1996). The repeatability of the sample preparation and
GC analysis was tested with six parallel spiked samples. The CV% was between 0.8%
and 1.4% for MTBE, benzene and toluene (Study IV).
The sensitivity of charcoal tube measurement was limited. The liquid desorption with
1–2 ml DMF and phase equilibrium standards was used with the charcoal tubes. Only
one 1000th part of analyte was injected at a time into GC (1 µl of 1 ml DMF solution).
In samples of very short duration, as in Study III, benzene and toluene were mostly under
DL (10–40 nmol per tube) due to the short sampling periods (about 2 min). In Studies I,
II and IV, on the other hand, the drivers’ exposures were high enough for accurate deter-
mination of the components in question.
Passive dosimeters
In Studies V and VI, passive sampling was used for whole-shift measurements, and the air
samples covered all tasks and operations during the driver’s shifts. Occupational safety
and health professionals assisted in the handling of the diffusive samplers and in record
keeping, and collected information on the work schedules and the environment.
Preconditioned sorbent tubes (Perkin-Elmer ATD-400 sampler tubes) filled with 150
mg Tenax GR adsorbent (35/60 mesh) were used for passive sampling. Each of these
dosimeters was shipped and stored with two brass storage caps (Swagelock). After sam-
pling, the ATD dosimeters were refrigerated and shipped in a cool box to the laboratory
to be analyzed within 24 h. The exposure measurements started before the drivers entered
the loading area and ceased at the end of the shift when the drivers left the depot.
In order to establish the uptake rate, the diffusive samplers were exposed to gasoline
vapor (95 octane RFG) and mixtures of benzene, toluene, MTBE and MTAE in a test
chamber. The passive dosimeters were compared to conventional active sampling with
AC tubes (SKC 226-01). The test periods lasted one to three hours. Half of the passive
dosimeters (n=6) in each set of four different concentration levels were closed immedi-
ately, and the other half were exposed to clean air for 7–9 h before closing. The uptake
rates of MTBE and MTAE were based on the latter group of tubes; this took into ac-
count the possible reverse diffusion during exposure to clean air (Schweder M et al. 2001).
The uptake rates of the diffusive dosimeters were determined in the exposure cham-
ber from pure chemicals and gasoline. The mean uptake rates were 0.33 ml/min for MTBE,
0.33 ml/min for MTAE and 0.35–0.40 ml/min for other gasoline components. The rates
for pure MTBE and MTAE were also 0.33 and 0.32 ml/min. Reverse diffusion of very
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volatile components was observed and found to follow logarithmic decay (Saarinen L et
al. 2002). The rate of reverse diffusion is presented in Figure 1. The passive tubes were
open, and thus subject to back diffusion during the sampling period of 6–15 h. The
adsorbed mass of analytes varied between 10 and 1000 ng per tube and covered the range
of the adsorbed amounts found in the field samples. No corrections were made for the
field measurements due to the reverse diffusion. The suggested criterion for acceptable
uptake rate is less than 20% back-diffusion during 8 h exposure to clean air (Schweder M
et al. 2001). The storage life of the loaded tubes was tested by comparing two sets of eight
tubes after 6 and 25 days. The drop in tube content was 4% on the average during the
test period. The variation coefficients were 5.4% (6 days) and 4.6% (25 days), indicating
that the samples can be stored for at least four weeks.
Figure 1. The reverse diffusion of MTBE, MTAE and toluene. The half-life of the
uptake rates (U) versus the adsorbed mass of the analyte (ng per tube).
The linear range and adsorption capacity of ATD-400 samplers was also determined
in the above-mentioned chamber tests. The test concentrations and exposure times were
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similar to the field requirements. The low end of the calibration curve (Figure 2) corre-
sponds to 20 for MTBE and MTAE. The corresponding values for benzene, toluene and
hexane were 3 ng h m-3, 90 ng h m-3, 10 ng h m-3. The upper end of the curve corre-
sponds to 50-fold concentrations for 1 h exposure. The total adsorbed amount was 1000
nmol of various gasoline components. The highest total amount found from the whole-
shift field sample was 50 µg per tube, corresponding to a total mass of 600 nmol (Study
VI).
Figure 2. Calibration of the ATD-400 sampling and analysis system. The equations of
the regression lines: y=1611x+109 for MTBE, y=1611x+91 for MTAE and y=
7421x+151 for toluene.
Thermally desorbed ATD-400 tubes were eluted at a time into GC, and the splitting
(1:40) in the injection port before entering into the column limited the whole mass of the
analyte. The practical DL was on average 10 pmol for different components in the scan-
ning mode of the ion-specific detector. This corresponds to an air concentration of 1–5
µg/m3.
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Analysis of the air samples
The hydrocarbons and oxygenates were desorbed from the AC tubes with dimethyl
formamide (DMF) according to the Finnish standard SFS 3861. The 50-mg back-up
zones were analyzed separately to check possible breakthrough due to migration of the
components with a high vapor pressure. The desorption efficiency of the analytes was
better than 90%, and the recovery close to 100%, with the phase equilibrium calibration
method described by Johansen and Wendelboe (1981). The desorption solutions were
analyzed with a HP 5789 gas chromatograph fitted with a dual column system and flame
ionization detectors. The injector temperature was 200 ºC, and the detector temperature
240oC. In Study I, nonpolar OV1 and polar Carbowax 20 capillary columns were used in
both regional laboratories. In Studies II, II and IV, the AC tube samples were analyzed,
with otherwise the same gas chromatographic method as in Study I, but with a new dual
column system (NB-54 and NB-1701, Nordion, Finland). The oven conditions were 35oC
isothermal for 5 min, raising the temperature to 140ºC at a rate of 5ºC per min. The
detection limit (DL) for a single component desorbed into 1 ml DMF was about 0.5 µg
per sample, and for 1 to 4 liter air samples the lowest reported concentrations were 0.2
mg/m3. Concentrations equal to three standard deviations above the background response
(Burkart 1986) were used as the DLs. The detectors were calibrated against the respective
compounds for benzene, MTBE, n-hexane, toluene and xylenes. The peak areas of the
rest of the C
3
-C
11
 aliphatic hydrocarbons were measured as n-hexane. The DL for these
aliphatic components was about 1 mg/m3 (as the n-hexane equivalent). The coefficient of
variation (CV%) of six spiked samples was 1.4% for MTBE, 0.8% for benzene and 1.1%
for toluene.
In Studies V and VI, the passive monitors were analyzed according to the proposed
ISO 16017-2 (ISO 1999). Before sampling, the ATD tubes were conditioned by heating
for 2 h at 300ºC in inert gas flow in the thermal desorption system to ensure that no
residuals remained. After exposure, the samples were thermally desorbed (Chrompak Purge
and Trap Injector) and analyzed with a gas chromatograph equipped with an ion-trap
detector (GC/MSD Finigan ITS40 Ultra). The column (HP-624, 30 m, ID 0.25 mm,
film 1.4 µm) temperature was 40 ºC for 35 min; it was then raised to 225ºC (8ºC min-1).
The cold trap was cooled to -100 ºC and heated in 3 min up to 200 ºC. The identifica-
tion and separation was controlled by the use of ions m/z 73 and 57 for MTBE and
MTAE, 78 for benzene and 92 for toluene.
The detection limit of the thermal desorption analysis was 2 ng per sample. Stand-
ards were prepared by drawing 0.1 l of the vapor mixture of MTBE, MTAE, benzene and
toluene through the ATD tube from a 5 l laminated plastic bag. The standard tubes were
analyzed simultaneously with the field samples. The coefficients of variation (CV%) for
the components of the standards were less than 5% when the amounts of MTBE, MTAE,
benzene, and toluene were 169, 88, 100 and 99 ng per tube, respectively. The uptake
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rates, 0.33 ng (mg m-3 min)-1 for MTBE (CV%=3.4) and 0.32 ng (mg m-3 min)-1 for
MTAE (CV%=2.3) were determined empirically in an exposure chamber. An overview of
the sampling and analysis methods is given in Table 5.
Gas chromatographic methods were adjusted to analyze complex gasoline samples.
Both the single column and dual column systems were used. The dual column system
with different columns was utilized in GCs equipped with unspecific FID detectors.
Carbowax 20M and NB-54 were relative polar columns and retained strongly polar com-
ponents, i.e., the polar compounds eluted in the end of the chromatogram. The polar
columns were needed to separate the aromatics in the gasoline. The other column was
either OV1 or NB-1701, which was non-polar or mid-polar in character and retained
stronger nonpolar compounds than the polar columns. The non-polar columns separated
better aliphatic and alicyclic components from each other. The empiric analytical condi-
tions of the dual column systems were adjusted to perform quantitative analyses for MTBE,
MTAE, toluene, benzene, xylenes, trimethyl benzenes and hexane from the activated char-
coal tube samples in Studies I–IV.
In the GC analyses of Studies V and VI, better specificity was gained with an ion-
specific detector after the single column elution. The used column was 30-m long HP-
624 classified as mid-polar by nature. The purity and separation performance of the es-
sential components (MTBE, MTAE, benzene, toluene, xylenes and trimethyl benzenes)
were investigated from the mass spectrum obtained with an ion-trap detector (Finnigan
ITS40 Ultra). Method comparison and quality control samples and calibration experi-
ments were done for 13 pairs of diffusion tubes collected simultaneously in a separate
laboratory using the 25-m long HP-Ultra-1 non-polar column. The correlation coeffi-
cients between MTBE, MTAE, benzene, and toluene were significant (p<0.01). Coeffi-
cients for trimethyl benzenes, xylenes and HC <C
6
 were nearly significant (p<0.05). Hy-
drocarbons C
6
–C
11
 were similar on the indicative level (n=13, r=0.48, p=0.096) appar-
ently due to the divergence in the interpretation of overlapping peaks in their
chromatograms (columns HP-624 and HP-Ultra 1). According to the analysis of vari-
ance (ANOVA), all paired means of the groups were equal.
4.3 Biomonitoring
Sampling of urine specimens
Combined urine samples of 24 h were used in Study IV, whereas only post-shift and pre-
next-shift samples of 50 to 100 ml urine were collected in Studies V and VI. The urine
samples were collected simultaneously with dosimeter sampling after the shift, and at 14
to 16 h later in the beginning of the next shift. Polyethylene bottles were used for the
urine samples in Studies IV and V. In Study VI, the urine samples were collected into
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glass vials with Teflon caps. The urine samples were refrigerated and shipped in a cool
box to the laboratory and stored frozen until analysis.
Analyses
MTBE, MTAE and their metabolites TBA and TAA were analyzed using headspace gas
chromatography or solid phase microextraction (SPM) and photoionization (GC-PID)
or mass detection (GC-MS) (Studies IV, V and VI). The quantitation limit (QL) was 2–5
nmol/l for the ethers and 10–20 nmol/l for the alcohols. The concentrations of analytes
added to the matrix (urine) giving a response of at least 3 times the background response
were used as the QL. The CV% for MTBE was 2.7 % (range 13–77 nmol/l), 3.8 % for
TBA (range 45–261 nmol/l), 7.0 % for MTAE (range 10–76 nmol/l), and 7.4 % for
TAA (range 35–99 nmol /l) for headspace analyses. SPM with GC-MS gave a similar
CV% (range 3.9–6.9%). All biological samples were analyzed in the Biomonitoring Labo-
ratory of the Finnish Institute of Occupational Health (FIOH).
4.4 Statistical methods and calculations
Standard statistical methods were used. In Studies I, III and IV the Mann Whitney test
was used to test the statistical significance of the differences between airborne concentra-
tions. In Study IV, the Mann-Whitney test was also used to assess the statistical signifi-
cance of the difference between smokers and non-smokers. In Studies V and VI, the cor-
relation coefficients were calculated for natural logarithms of time-weighted averages of
eight hours (TWA 8h).
In Study II, Wilcoxon’s Signed Ranks Test (2-tailed) was used to investigate the dif-
ferences between the airborne concentrations observed at the service stations before and
after the installation of the VRS. For results below the detection limit (DL), half of the
DL value was used. The coherence of the concentrations of various components of the
gasoline vapor and background information (temperature, humidity and wind conditions)
was examined with Pearson’s correlation coefficients.
4.5 Weather conditions
In all studies, the RFG vapor concentrations were measured under relatively homogene-
ous summer weather conditions. Temperature, relative humidity and wind velocity were
measured at the site, or regional values were received from the weather service of the Finnish
Meteorological Institute.
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5. Results
5.1 Gasoline vapor measurement
Liquid and vapor gasoline composition
Figure 3 shows the chromatograms of two different samples of vapor phases from 95
octane RFG. First (A) a totally evaporated gasoline sample and then (B) the headspace
sample of the same gasoline. The composition of the vapors is given in Table 6. The con-
centrations of components with low boiling point are clearly higher in chromatogram B.
In chromatogram A, the components appear in the same proportion as in the liquid phase
of RFG. The vapor composition of the field samples resembled the saturated vapor phase
in the gasoline tanks. The field samples contained also traces of diesel and heating oils,
which were often transported simultaneously.
The composition of 12 randomly collected liquid gasoline samples was analyzed dur-
ing Studies II–VI. Since June 1995, the 95-octane gasolines contained 4–15% MTBE
and 3–8% MTAE. The liquid phase of 98-octane gasolines contained 10–14% MTBE,
and occasionally about 1% MTAE depending on the origin. The vapor samples collected
at work contained on average 15% MTBE and 1.6% MTAE in 1995–1998. About 70–
80% of the components in the gasoline vapor of the field samples were various aliphatic
and alicyclic compounds, and usually less than 10% were aromatics. The benzene con-
tent in RFG of the Finnish refinery fell from 1% to 0.5% during the study period. Occa-
sionally, the benzene concentration has been nearly 3% and MTBE nearly 15% in indi-
vidual imported gasolines, the share of which was about 15% on the market (ÖKL 1997).
These rare batches were mixed in with the main brands at the storage terminals.
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Figure 3. The evaporated bulk (A) and head phase (B) chromatograms of 95 octane
gasoline containing MTBE and MTAE as oxygenates, measured with GC/MS.
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Table 6. The major components of 95-octane gasoline vapor and their
peak area percentages. Area % (A) for vaporized liquid sample and
Area% (B) for a headspace sample.
RT (min) Major component Area % Area %
(chrom. A) (chrom. B)
1.97 butane 2 11
2.13 2-methyl butane 2.9 6.1
2.25 pentane 1.0 8
2.34 2-methyl butene 1.2 1.8
2.58 2-methyl pentane 3 8.5
2.63 MTBE 3.7 9.3
2.93 hexane 1.6 3.7
2.99 3-methyl-1-pentene 1.3 3.7
3.08 3-hexene 1.2 0.9
3.16 3-methyl-2-pentene 0.6 1.5
3.24 methyl cyclopentane 2.2 5.2
3.59 benzene 1.8 3.2
3.71 cyclohexane 1.1 1.7
3.89 2-methyl hexane 1.5 2.0
3.95 MTAE 5.2 7.7
4.05 3-methyl hexane 1.2 2.0
4.19 1,3-dimethyl cyclopentane 0.4 0.4
4.27 1,2-dimethyl cyclopentane 0.6 1.0
4.49 3-methyl-3-hexene 0.1
4.62 heptane 1.8 1.6
4.75 3-heptene 0.2
4.87 2-methyl-2,4-hexadiene 0.4 0.3
4.97 2-ethyl-3-methyl-1-butene 0.1
5.13 methyl cyclohexane 0.7 0.7
5.50 ethyl cyclopentane 0.2
5.57 3-ethyl-2-methyl hexane 0.2
5.71 3-methylene heptane 0.9
6.04 1,5-dimethyl cyclopentane 0.3 0.2
6.13 methyl benzene (toluene) 18.2 7.8
6.32 2,3-dimetoxy-2-methyl butane 1.0 0.5
6.52 2-methyl heptane 0.7 0.2
6.73 2,3,5-trimethyl hexane 0.7 0.3
7.05 1-ethyl-3-methyl cyclopentane 0.1
7.47 1,2-dimethyl heptane 0.8 0.2
8.22 ethyl cyclohexane 0.6
8.69 ethyl benzene 4 0.6
8.92 1,4-dimethyl benzene 11 1.6
9.45 1,2-dimethyl benzene 4.4 0.5
10.91 propyl benzene 1.4 0.1
11.07 1-ethyl-2-methyl benzene 3.2 0.2
11.44 1-ethyl-4-methyl benzene 1.5 0.1
11.76 1,2,4-trimethyl benzene 5 0.3
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5.2 Exposure without a vapor recovery system
(VRS)
Exposure was investigated among various occupations in the gasoline distribution chain. Stud-
ies I–VI covered the following groups; deckmen on tankers, the personnel at seaside and inland
depots, and the road tanker drivers. These were considered as similar exposed groups (SEG).
Occupational exposure without VRS
The road tanker drivers’ exposure was measured before the installation of the Stage I VRS
and before the introduction of MTAE (Table 7) (Study I). The mean short-term exposure
to C
3
-C
11
 hydrocarbons was 551 mg/m3 during top loading and 437 mg/m3 during un-
loading in southern Finland. The concentrations were lower in northern Finland where a
new gear with self-closing valves was used to prevent leakages. The descriptive values of
the skewed distribution, GM and GSD, are given in Appendix 1. The reasonable worst
case estimates, the levels of the 90th percentile, were 1120 mg/m3 for southern Finland
and 130 mg/m3 for northern Finland (Appendix 2). The 90th percentile for hydrocarbons
was 736 mg/m3 for the combined data sets for loading and unloading.
During top loading, the mean exposure to benzene was 18 mg/m3 and 11 mg/m3
during unloading in southern Finland. The corresponding means were 1.1 and 1.5 mg/
m3 in northern Finland. The 90th percentile was 20 mg/m3 for the combined data sets of
loading and unloading in Finland. For data from northern Finland alone, the 90th per-
centile was 2.9 mg/m3. GM and GSD for the combined benzene data were 2.6 mg/m3
and 4.7, respectively.
 The mean short-term exposures to MTBE, which was the sole oxygenate in gasoline
at that time, were 90 and 70 mg/m3 during loading and unloading in southern Finland.
This corresponds to the 90th percentile of 180 mg/m3. In work with bottom-loading fa-
cilities, the respective values were 13, 16 and 31 mg/m3. The 90th percentile of all four
data sets was 116 mg/m3.
In Study II, during operations before and after the installation of the Stage I vapor
recovery system altogether 14 pairs of gasoline vapor samples were collected to represent
the drivers’ exposure in different parts of the country. The concentration means were 170
mg/m3 for the C
3
-C
11
 hydrocarbons, 0.74 mg/m3 for benzene, 18 mg/m3 for MTBE and
2.3 mg/m3 for the new oxygenate MTAE during unloading operations before the installa-
tion of the Stage I vapor recovery system. The corresponding 90th percentile values were
464, 1.9, 48 and 6.7 mg/m3.
During unloading in Study IV, the mean concentrations were 77 mg/m3 for C
3
-C
11
hydrocarbons, 0.48 mg/m3 for benzene, 23 mg/m3 for MTBE and 0.55 mg/m3 for MTAE
at 19 service stations.
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Table 7. The means of road tanker drivers’ short-term exposure in Stu-
dies I, II and IV during loading and unloading work without the Stage
I vapor recovery system.
Study Mean Loading Number C3-C11 Benzene MTBE MTAE
sampling technology of
time samples
(min) (n) (mg/m3) (mg/m3) (mg/m3) (mg/m3)
I 28 Bottom 6 44 1.1 13 –
loading
I 33 Bottom 5 64 1.5 16 –
unloading
I 20 Top 4 550 18 91 –
loading
I 26 Bottom 6 440 11 71 –
unloading
II 26 Bottom 14 170 0.74 18 2.3
unloading
IV 19 Bottom 19 77 0.48 23 0.55
unloading
The lognormal distribution of the samples from Studies I, II and IV can be seen in Figure
4. The deviation of the large concentrations (>600 mg/m3) from the best-fit line indi-
cated the smaller GSD for the toploading data set than what was seen in the drivers’
short-term data in Studies II and IV, i.e. 2.8 vs 3.8–4.4 (Appendix 1). It is also probable
that some overloading and breakthrough had taken place in the AC tubes.
The measurements covered one whole 8-hour shift in Study IV, in which eleven driv-
ers conducted self-measurements. Besides looking at the drivers’ daily means, it was pos-
sible to estimate the between-driver variability during the shift. The GSDs were used to
describe this variability. The between-driver variability was 2.2 for short-term MTBE ex-
posures (including daily loading and unloading), and 2.0 for full-shift exposure. The vari-
ability of all separate short-term exposures (n=33, not pooled per driver) was 3.9 for MTBE
during the same period. The GSD values for the passive samples of Studies V and VI,
where only full-shift sampling was performed, were 3.5 for MTBE during five days in
Study V and 2.7 during one day in Study VI. The within-worker GSD varied between
1.3 and 6.9 for MTBE in Study V during five days.
The inland and seaside depot workers were exposed to gasoline only once a week or a
month (Study VI). During that shift, their breathing zone concentrations (TWA 8h) were
about the same as those of road tanker drivers in Studies IV and V. The exposure to C
3
-
C
11
 hydrocarbons, benzene, and oxygenates is shown in Table 8. The geometric means
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and geometric standard deviations are given in Appendix 1. The 90th percentiles of the
TWA 8h concentrations are given in Appendix 2.
Figure 4. The logprobability plot of short-term samples of road tanker drivers’
exposure to C3–C11 hydrocarbons (n=43) before VRS in Studies I, II and IV.
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Table 8. The TWA 8h means of road tanker drivers’ (Studies IVb and V),
depot workers’ and deck men’s (Study VI) exposure to gasoline
components in work without a vapor recovery system.
Study Sampling Loading Number C3–C11 Benzene MTBE MTAE
time technology of
samples
(n) (mg/m3) (mg/m3) (mg/m3) (mg/m3)
IVb TWA 8h Bottom 9.1 0.06 2.7 0.07
unloading
V TWA 8h Bottom 7.6 0.09 1.7 0.28
loading
and
unloading
VI TWA 8h Top 7.5 0.15 1.1 0.54
unloading
5.3 Exposure after installation of Stage I vapor
recovery
The results of later samples of the 14 pairs of gasoline vapor samples after the installation
of the Stage I vapor recovery system (Study II) are presented in Table 9 together with the
results obtained in Study IV with VRS. The differences between the exposures to aliphatic
hydrocarbons and MTBE before and after the installation were significant at a low risk
level (p<0.05) and mean concentrations were reduced down to 20%. Benzene (p<0.01)
indicated the change better than MTBE, but partly because the aliquot of benzene was
reduced gradually in bulk gasoline during the study period. MTAE was not used in the
beginning of the study nor was it used everywhere in Finland, and was thus not a suitable
indicator. MTAE was constantly detected in the samples taken in conditions with and
without the vapor recovery. When the exposure decreased after the installation work, the
concentrations of MTAE and aromatic compounds sometimes remained below their de-
tection limits.
Pearson’s correlation coefficients between the concentrations of aliphatic hydrocar-
bons, MTBE, MTAE and benzene were 0.91, 0.89 (p<0.001) and 0.65 (p<0.05), respec-
tively. The correlation coefficients between the concentrations and the background pa-
rameters, unloading time, temperature, relative humidity (RH%) and wind speed were
nonsignificant and varied between -0.4 and 0.4 (p>0.1). Only the load size correlated
indicatively (p<0.1) with the MTBE exposure.
RESULTS
39
Table 9. The means of road tanker drivers’ short-term exposure in Study
II during unloading, and in Study IV during loading with vapor recovery
systems.
Study Mean Loading Number C3–C11 Benzene MTBE MTAE
sampling technology of
time samples
(min) (n) (mg/m3) (mg/m3) (mg/m3) (mg/m3)
II 26 Bottom 22 0.14 3.4 0.47
unloading
IVa 23 Bottom 32 0.24 8.1 0.28
loading
Figure 5. Short-term exposure to MTBE (mg/m3) as a function of the the load size
during both loading and unloading with (n=30) and without (n=47) Stage I VRS
(Studies I, II and IV). The regression lines were y = 0.0011x + 23.2 for open systems
without VRS and y = 0.0007x + 0.58 for closed systems with VRS.
RESULTS
40
All the depots in Study IV had bottom loading and closed vapor collection systems.
The average percentages of MTBE, MTAE and benzene concentrations detected in the
vapor were 20%, 0.7% and 0.6%. The benzene concentration was less than 1% in all
brands and MTAE was used for the first time in small portions to replace MTBE.
The effect of VRS is illustrated in Figure 5, where exposure to MTBE is presented as
a function of gasoline load size before and after Stage I VRS. The mean of short-term
exposures with VRS was low (9 mg/m3, n=30). On the contrary, exposures without VRS
(mean=34 mg/m3, n=47) were 4-fold higher on the average.
5.4 Customer exposure
The range of the exposure to C
3
-C
11
 hydrocarbons was 2–530 mg/m3 at the Stage I and
<0.2–129 mg/m3 at the Stage II service station (Study III). The corresponding values for
the MTBE exposure were 1.8–74 mg/m3 and 0.2–16 mg/m3. The concentration of ben-
zene and MTAE were also similarly reduced after the installation of Stage II VRS. The
differences between these two service stations were statistically significant for all four above
mentioned vapor components. During refueling at the Stage I service stations, the mean
refueling time was 57 (range 23–207) seconds and 66 (range 18–120) seconds at the Stage
II station. The effect of the installation of Stage II VRS on the exposure of self-service
customers during refueling is summarized in Table 10.
Table 10. The means of momentary exposure in vehicle refueling with
and without the Stage II vapor recovery system (Study III).
Facility Sampling C3-C11 Benzene MTBE MTAE
period
(s) (mg/m3 ) (mg/m3 ) (mg/m3 ) (mg/m3 )
Stage I 57 162 2.1 23 1.77
Stage II 66 46 <0.5 5.6 0.65
At the Stage I service station without VRS for refueling, the GSD of the exposures to
C
3
-C
11
 hydrocarbons was 4.7, and at the Stage II station it was 9. The corresponding
GSDs were 2.9 and 3.7 for MTBE. The concentrations of MTAE, benzene, toluene and
xylene were mostly below DL and their comparison is not feasible. The data were
lognormally distributed (Appendix 1).
The 90th percentile of the C
3
-C
11
 hydrocarbon concentrations was 621 mg/m3 for
Stage I and 302 mg/m3 for Stage II. The comparison of 90th percentiles for other compo-
nents is given in Appendix 2.
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5.5 Urinary concentrations
In Study IV, the average concentrations of U-MTBE, U-TBA, U-MTAE and U-TAA
were 113, 461, 16 and 40 nmol/l in the pooled urine during and after the work shift. The
pooled night samples and the next morning samples, about 16 h after the exposure, con-
tained the same chemicals, 18, 322, <9 and 20 nmol/l on the average. Only traces of
MTAE were detected in the pre-next-shift urine samples. The drivers’ total inhaled MTBE
uptake during the shift was calculated to be 106 µmol on the average, ranging from 12–
195 µmol per shift (i.e. 9.3 mg, range 1.1–17 mg). The detailed data are given in Table
11, which also includes the corresponding results from Study V for drivers and VI for
depot workers during the unloading of ships and railway wagons.
Table 11. Urinary mean post-shift and pre-next-shift concentrations of
MTBE, MTAE and their metabolites TBA and TAA in nmol/l unit from
Studies IV, V and VI.
Study Sampling time U-MTBE U-TBA U-MTAE U-TAA
(nmol/l) (nmol/l) (nmol/l) (nmol/l)
IV Post-shift 113 461 16 40
pre-next-shift 18 322 <9 20
V Post-shift 145 553 10 58
pre-next-shift 21 354 4.5 25
VI Post-shift 51 216 23 53
pre-next-shift 10 179 <5 27
The variations in urinary concentrations were followed for one week to investigate
the possible cumulative effect and the proper timing of the biological samples. The daily
rate of pre-next-shift urinary tert-alcohol concentrations over the corresponding MTBE
and MTAE exposures were calculated for each driver. The means of the drivers’ daily
rates were 0.0018, 0.0025, 0.0027 and 0.0017 for U-TBA/MTBE and 0.0006, 0.0017,
0.0024, and 0.0009 for U-TAA/MTAE. The rates were low on Tuesday and Friday morn-
ings. The higher rates on Wednesdays and Thursdays reflected accumulation from earlier
exposure.
Benzene and toluene were detected in all depot workers’ samples (Table 12), whereas
the concentrations of trimethyl benzenes were below their quantitation limits. In the case
of urinary xylenes, eight out of 13 urinary post-shift samples and one pre-shift sample
exceeded the quantitation limit. Grouping according to smoking was done for benzene
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and toluene. The exposure of non-smokers to benzene was very low, but it was, neverthe-
less, possible to estimate the exposure from the urine sample. For smokers, the relation
between the airborne and urinary benzene levels was not reliable due to the interference
of smoking.
Table 12. Urinary mean post-shift and pre-next-shift concentrations of
benzene, toluene, xylenems and trimethyl benzenes in Study VI.
Sampling time U-Benzene U-Toluene U-Xylenes U-Trimethyl benzenes
(nmol/l) (nmol/l) (nmol/l) (nmol/l)
Post-shift
all 8 <5
smokers 33 10
non-smokers 9 5
Pre-next-shift
all 5 <5
smokers 63 5
non-smokers 13 5
90th percentiles and comparison of GSDs
The 90th percentiles were calculated for U-MTBE, U-TBA, U-MTAE, U-TAA and U-
benzene. These urinary worst case concentrations are given in Table 13.
Table 13. The 90th percentiles of post-shift urinary components in Stu-
dies IV–VI.
Study n U-MTBE U-TBA U-MTAE U-TAA U-benzene
(nmol/l) (nmol/l) (nmol/l) (nmol/l) (nmol/l)
IV 11–20 188 942 32 93
V 29 428 1250 22 120
VI 13 220 565 51 170 55
RESULTS
43
The data on urinary concentrations were lognormally distributed. The individual con-
centrations were highly variable, ranging from QL to 2100 nmol/l for post-shift U-TBA
in Study V. The range of GSD values varied between 2.4–4.2 for post-shift U-MTBE
and 1.6–2.7 for pre-next-shift U-MTBE (Studies IV–VI). The range of the GSDs for U-
TBA was somewhat lower, 1.9–2.7 and 1.6–2.1, respectively. The post-shift variability
was somewhat greater than the pre-next shift variability (Appendix 1, Table 2). The com-
parison between GSD values of ambient MTBE (A-MTBE) and respective post-shift and
pre-next-shift U-MTBE and U-TBA is presented in Figure 6. The variability of urinary
concentrations was mostly smaller than the respective variability in the ambient air con-
centrations in Studies IV–VI.
Figure 6: GSD of post-shift and pre-next-shift U-MTBE and U-TBA versus GSD of A-
MTBE (Studies IV–VI)
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5.6 Correlation between exposure and excretion
The time-weighted average airborne concentrations of MTBE were closely related to the
urinary MTBE collected after working hours, and to its metabolite, TBA collected from
11 drivers before the next shift (Study IV, Table 14). Only six of these drivers were ex-
posed to MTAE. The correlation coefficient between MTAE and urinary components
was good only for pre-next-shift U-TAA (r=0.93, p<0.01). The correction of the concen-
trations to a common relative density of urine did not have a major effect on the results.
Pearson’s correlation coefficients (r
w
) were calculated for all results (n=29) of the five
consecutive shifts in Study V. The significant r
w
 values between the means of the breath-
ing zone concentrations of MTBE and MTAE and the concentrations of corresponding
urinary constituents U-MTBE, U-TBA, U-MTAE and U-TAA are given in Table 14 for
post-shift and pre-next-shift samples. The regression lines of the logarithmic values of
post-shift U-MTAE and U-TAA versus the logarithmic values of MTAE (TWA 8h) are
presented in Figure 7.
Table 14. Significant Pearson’s correlation coefficients between airborne
MTBE and MTAE vs. urinary MTBE, MTAE and their metabolites TBA and
TAA. The correlation coefficients of Study IV were calculated from the
original concentration values (n=11 and 6), and the coefficients of Stu-
dies V (n=29) and VI (n=11) were calculated from the logarithmic
transformed data.
Study U-MTBE U-MTAE U-TBA U-TAA
IV Post-shift 0.84 (p<0.001)
pre-next-shift 0.49 (p<0.01) 0.93 (p<0.01)
V Post-shift 0.86 (p<0.001) 0.76 (p<0.001) 0.90 (p<0.001) 0.80 (p<0.001)
pre-next-shift 0.69 (p<0.001) 0.76 (p<0.001) 0.58 (p<0.01)
VI Post-shift 0.83 (p<0.001) 0.96 (p<0.001) 0.98 (p<0.001)
pre-next-shift 0.96 (p<0.001) 0.84 (p<0.001) 0.99 (p<0.001)
The daily mean oxygenate exposure levels (as mg/m3) of the six drivers were 2.4, 1.8,
1.5, 1.8 and 2.3 for MTBE and 0.2, 0.2, 0.3, 0.4 and 0.4 for MTAE within one work
week. The daily variation of the six drivers’ mean correlation coefficient (r
d
) between the
exposure to oxygenates and their post-shift urinary excretion components (Study V) is
presented in Figure 8. The low r
d
-values observed during the third shift were probably
caused by the carry-over from the previous days when the exposure was higher, i.e., due
to the accumulation of tert-ethers in adipose tissue. The effect then disappeared because
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the exposure to MTBE and MTAE rose on days 4 and 5. A different trend is seen in the
pre-next-shift values of tert-ethers and tert-alcohols in Figure 9. The r
d
 of U-MTBE and
U-TBA were stable and significant during the whole work week. The r
d
 of U-MTAE and
U-TAA were poor apparently due to the low exposure levels on Monday and Tuesday and
hence some of the U-MTAE values were below QL. In contrast to the negative r
d
 between
exposures and U-MTAE, the correlation coefficients between the drivers’ body weight
and pre-next-shift U-MTAE were 0.50, 0.45, 0.59 and 0.56 between Tuesday and Friday.
Figure 7. Regression lines of logarithmic post-shift U-MTAE and U-TAA versus loga-
rithmic MTAE TWA 8h in Study V.
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This indicated that measurable amounts of MTAE were released from the adipose tissues
of chronically exposed drivers during the low exposure period. The r
d
 of U-TAA and U-
MTAE increased towards the end of the week when the exposure levels exceeded 0.3 mg/
m3 for MTAE.
Figure 8. Daily correlation coefficients (rd) between ambient exposure and post-shift
U-MTAE, U-TBA, U-MTAE and U-TAA ( Study V).
The residual concentrations of urinary components in the pre-next-shift samples were
17% for U-MTBE, 55% for U-TBA, 50% for U-MTAE, and 45% for U-TAA. The U-
MTBE and U-MTAE data on five shifts were fitted to a monoexponential decay curve
yielding 7.1 h as the half-life of U-MTBE (n=17) and 13.5 h for U-MTAE (n=17). The
regression analysis of the drivers’ body weight versus the half-life value gave r=0.38 (p<0.1)
for U-MTBE and r=0.50 (n=17, p<0.05) for U-MTAE.
The correlation coefficients between the concentrations of aromatics in air and in
urine are presented in Table 15. The post-shift correlations of benzene and toluene for
nonsmokers were 0.57 and 0.58, respectively, being significant on the 5% risk level (r >
0.55, n=13).
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Table 15. Correlation coefficients between ambient and urinary post-
shift and pre-next-shift concentrations of benzene, toluene, xylenes and
trimethyl benzenes (Study VI).
Sampling time Smoking U-benzene U-toluene U-xylenes U-
trimethyl
benzenes
Post-shift mixed 0.41 (p>0.1) 0.46 (p>0.1)
Post-shift – 0.98 (p<0.001 0.82 (p<0.001)
Post-shift + 0.32 (p>0.1) 0.65 (p<0.05)
Pre-shift mixed 0.50 (p<0.1) 0.25 (p>0.1)
Pre-shift – 0.98 (p<0.001) 0.16 (p>0.1)
Pre-shift + 0.14 (p>0.1) 0.43 (p>0.1)
Figure 9. Daily correlation coefficients (rd) between ambient exposure and pre-next-
shift U-MTAE, U-TBA, U-MTAE and U-TAA (Study V).
DISCUSSION
48
6. Discussion
6.1 Modification and development of sampling
and analysis methods
Optimization of analytical methods
In Finnish occupational hygiene laboratories, the gas chromatographic instruments are
adjusted to identify and quantitate mixtures of relatively simple solvent vapors in indus-
try. The identification of 40 to 50 major components in such a complex mixture as gaso-
line required careful tuning of the GCs and optimization of the temperature program.
The accuracy in the separation and identification achieved was similar to that reported
by laboratories of the oil industry with non-polar columns (Achten et al. 2001; CONCAWE
1986; Mathiesen et al. 1998). It should also be noted that, neither would the identifica-
tion of more GC peaks increase the information supporting occupational exposure esti-
mation, because it is based on the total gasoline vapor concentration, and the concentra-
tion of a few individual compounds, especially benzene. The ethers used in the new refor-
mulated gasoline have also been detected satisfactorily. The separation of MTBE from 2-
methylpentane was not always achieved completely, but to an acceptable extent.
Activated carbon tubes
Activated carbon was capable of retaining the components of gasoline and of thus allow-
ing quantitative recovery. The active sampling with 150-mg activated carbon as sorbent
worked well for short-term sampling up to one hour under variable conditions. The break-
through of light hydrocarbons was seen in the secondary zone systematically in samples
of more than 4–6 liters of air. The criterion for the rejection of samples, i.e. 20% of the
total mass found in the back zone originally recommended by NIOSH and then adapted
by many European standards (SFS 1978), was not generally reached, however (NIOSH
1977b; Saalwaechter et al. 1977). On the other hand, the results indicated that the rec-
ommendation to use tubes with 600 mg activated carbon sorbent is justified in the
full-shift studies with active sampling (Rappaport et al. 1987).
Diffusive tubes
The linear analytical range of diffusive samples ranged from 750–10000 ng of gasoline
(Figure 2), which covers the amounts adsorbed in full-shift samples (Studies V and VI).
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The highest amount detected in the field samples was 8800 ng. The distribution of the
diffusive sample concentrations was lognormal, and even the greatest samples were well
in line with the logpropability plot (Figure 10).
Reverse diffusion was detected in the laboratory when passive sampling tubes were
left open in clean air for 7–9 h. Reverse diffusion of passive tubes was probable in the
full-shift passive sampling for the lightest components (C
3
-C
4
), which may have been
displaced by strongly adsorbed aromatics (Peters et al. 1994). Carbosieve or other sorbents
with high adsorption capacity should thus be used instead of Tenax GR when sampling
at higher concentrations for longer periods (Coker et al. 1989; Vahdat et al. 1995; Yang
et al. 1997).
Figure 10. The results of full-shift diffusive samples of terminal workers exposed to
C3-C11 hydrocarbons in Studies V and VI.
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6.2 Exposure levels without VRS
Road tanker drivers’ exposure to gasoline was found to occur mainly during loading and
unloading, whereas their exposure was insignificant during driving and other tasks. The
road tanker drivers studied handled 2–4 loads per day. The short-term exposures during
loading at the depot and during unloading at the service station were measured separately
in Studies I and IV. During top loading, short-term exposures (550 mg/m3) was similar
to the short-term results of CONCAWE (1987; 2000) (Table 3). During bottom loading
(Study I, northern Finland), drivers were exposed only to half of that reported by
CONCAWE (1987), apparently due to the new gear with self-closing valves to prevent
leakages. Automatic shut-off valves on the filling lines allowed several tanks to be loaded
at the same time. The displaced vapors were vented into the atmosphere at the rear of the
tanker. On the other hand, the exposure levels given by CONCAWE for harbor and ter-
minal workers were similar to those detected in this study (Tables 4 and 8), on the aver-
age 10 mg/m3 per day.
During unloading with the old gear (Study I, southern Finland), the exposure to gasoline
was much higher than in the studies with modern facilities but without VRS (Study I,
northern Finland, Study IVa). The temperature difference between the southern and north-
ern study sites was less than 10oC and this responds to an only 5% change in vapor pres-
sure, and therefor does not alone explain the diffrence.
Also, the benzene exposures were systematically lower than in the studies from the
’80s and early ’90s (Halder et al. 1986; Kawai et al. 1996; Nordlinger et al. 1987). This is
due to the low benzene concentration policy of the local refineries, which produced more
than 80% of the RFG on sale in Finland during the study period. The percentage of
benzene in gasoline vapor decreased from 1.7–2.1% (Study I) down to 0.4–0.7% (Stud-
ies II, IV and V) when the benzene concentration in bulk gasoline dropped from 2–3%
to 0.5–1%.
In Finland, the loading and unloading took on average 20–40 minutes per operation
three times a day, and leaks or spills were rare. The load volumes varied from 5000 to
40000 liters. The content of the loads also varied, and often contained diesel oil and kero-
sene. In the present studies, the loads were studied during the summer season and, the
RVP was <70 kPa, which was a common RVP in the EU region and the USA in the
1990s.
There might be differences in work habits and methods, which depend on the or-
ganization of gasoline distribution systems in different countries. Leaks in old equipment
and gasoline spills may explain the occasional high exposures. If the transport distances
are short, the frequency of exposures, i.e. the number of loadings and unloadings a day,
may be significantly greater, and thus explain the higher 8h TWA exposure levels. These
kind of factors may explain why both short-term and full-shift exposures were higher in
an American study of loading and unloading (Verma et al. 1992; Widowo 1992), but the
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exposure differences between top loading, bottom loading and bottom unloading were
similar to those in Finland.
TWA 8h gasoline concentrations of road tanker drivers, and inland and coastal depot
workers did not exceed the Swedish or Dutch OELs, which are the lowest issued values
(Table 4). About 20% of short-term exposures to HC were higher than 300 mg/m3 (Fig-
ure 4). The 90th percentiles of TWA 8h values were 10–15% of OELs (Appedix 2). On
the other hand, part of the 90th percentiles of short-term exposures without VRS were
above the lowest OELs (Studies I and II). In this study, the worst case model based on the
90th percentile was applied to the occasional high exposures in the lognormally distrib-
uted data. The highest 90th percentile for short-term tasks (Appendix 2) was 1119 mg/m3
for top loading in Study I. The actual highest exposure was 1414 mg/m3. Thus these kind
of worst case levels are remarkably lower than the upper limits used in the US compliance
testing, but also more realistic exposure descriptors for chemical agents with relatively
mild irritative effects. During top loading, the 90th percentile of benzene exceeded eight-
fold the low short-term OELs of Sweden and USA, and even three-fold the present Finn-
ish OEL. Thus benzene still seemed to cause a significant health risk due to occupational
exposure to gasoline before adoption of the vapor recovery system.
The mean MTBE concentration and the 90th percentile were under the 8h and short-
term OEL values in all bottom-loading and unloading operations. No OEL value has
been issued for MTAE. Because MTBE and MTAE are used parallel in both 95 and 98
octane brands, and MTBE is increasingly being substituted by MTAE, and also because
their metabolic behavior and toxicity are quite similar, it would be reasonable to assess
their exposure together, i.e. the sum of their concentrations compared with the OEL of
MTBE. However, their vapor pressures differ from each other (Huttunen et al. 1997),
the saturated vapor concentration of MTAE being only 37% of MTBE at 20ºC. Thus
the incresing relative concentration of less volatile MTAE should lead to lower oxygenate
exposure.
The GSD values were mostly between 4.4 and 4.7 for drivers’ short-term exposures
to C
3
-C
11
 hydrocarbons (Studies I, II and IV). In Study IV, the between-driver variability
was lower (2) than inter-driver variability (4.2) for full-shift exposure to both C
3
-C
11
 and
MTBE. Similar results have been reported by Peretz et al. (1997). Indoors, variation in
occupational exposure typically produces GSD values of about 2 for TWA 8h. Outdoors,
the variation is greater and GSD is more than 3 (Kromhout et al. 1993). The drivers can
be concluded to form a similarly exposed group due to this low between-driver variability
compared to their within-driver variability. Both between- and within-driver variabilities
were affected by differences in load sizes (Figure 5), wind direction and velocity during
the period without VRS.
The nearer the mean is the OEL, the greater the variability is, and the higher the
wished confidence value is, and the greater number of samples are needed to prove the
compliance in stochastic sampling (Mulhausen and Damiano 1998). About 20 samples
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were needed to achieve the high confidence value (95%) in Study V. This condition was
fulfilled because the number of samples was 29 (Tables 5 and 9 and Appendix 2).
6.3 The effect of vapor recovery
Stage I
The closing of the gasoline distribution chain sources with floating roofs in depot reser-
voirs and VRS during transport operations was found to decrease the employees’ expo-
sure significantly. Figure 5 shows how Stage I VRS affected MTBE exposures as a func-
tion of gasoline load size (Studies I, II and IV). The exposures were reduced to 20% of
the previous level after the installation of VRS. Because the drivers’ exposure took place
only during loading and unloading, this positive effect was confirmed with task-specific
sampling.
Vainiotalo reported gasoline component concentrations in Finland in 1999 as GM
and GSD values. Their GM values were fairly similar to the values observed here in op-
erations with Stage I VRS in Studies II and IV (Appendix 1). Their investigation was
also methodologically similar i.e. task-specific personal AC samples were of the same sample
size and sampling period for road tanker drivers handling gasoline from the same refiner-
ies as in Studies II and IV. However, the comparison of exposures through GM values is
not fully reliable because the data with equal GMs but different GSDs may have also
different means (Mulhausen and Damiano 1998). The GSD values in tasks with VRS
(Studies II and IV) were greater compared to the referred study (Vainiotalo and Ruonakangas
1999).
It was expected that VRS would reduce the variability and GSD values (Appendix 2),
but the data contained several low (<DL) results and still a few unexpectedly high expo-
sures. After closing the emission sources, the load size still affected the exposure level (Figure
5), but determinants like wind direction and velocity became less important. In this new
situation with VRS, the working habits turned out to be the major determinants and
sources of short high exposures. First, the opening of the hatches is still the only sure way
to control the emptiness of the tanks. Secondly, bending and lifting of hoses should still
be done to avoid spills at the end of the unloading. Also, illegal and improper handling,
such as leaving the VRS unconnected to speed the unloading operation is possible and
may cause unnecessary exposure peaks. The temperature of the ambient air or bulk gaso-
line in the tanks seems to have a minor effect on the exposure. The concentration of
saturated vapor in the tanks depends on the general gas laws, and is the linear function of
Kelvin’s temperature scale (Dahlner et al. 1982) as mentioned above.
The 90th percentile exposure levels of the RWC scenario were safely below all 8h or
15 min OEL values after the installation of Stage I VRS. The mean MTBE concentra-
tions were low, about 1–5% of the respective 8h or 15 min OEL limits. The 90th percen-
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tiles for benzene exposure were 0.2 and 0.5 mg/m3 (Study II and IV with VRS). The
respective 8h TWA values were 0.02 and 0.03 mg/m3. The health risks due to chronic
occupational exposure to benzene have been reported to appear at concentrations of 0.5–
1 mg/m3 according to recent Nordic epidemiological studies (Nilson et al. 1996, Lynge et
al. 1997).
Customer refueling and Stage II
Study III focused on the change in the customers’ exposure to gasoline vapors before and
after the installation of the Stage II VRS. It was found that the Stage II vapor recovery
system did not remove vapors completely; it nevertheless reduced the exposure to one
quarter of the previous amount. The technology needs to be developed further, because
great variability was found during refueling at the Stage II service station (Appendix 2),
and one high exposure peak to gasoline indicated that the technology still allows occa-
sional high exposures. The present standardized nozzle of the dispenser fits well into the
reduced tank hole of the new (less than 10 years old) cars to avoid filling with other fuels
than oxygenated gasoline. The coaxial exhaust nozzle is not tight enough for older vehi-
cles nor for the filling of canisters, and allows notable emissions. The customers’ exposure
to gasoline has been the part of the dose assessment of thegeneral population. The ben-
zene exposure of the general population was investigated recently in two American stud-
ies. Because the American and Finnish gasoline compositions are fairly similar (about
1%, range 0.5–2) the benzene concentrations are comparative. Backer et al. (1997) re-
ported mean benzene concentrations of oxygenated gasoline in Alaska during refueling
without VRS, and found somewhat lower exposures than those in Study III (Table 10).
One of their findings was that the volume of gasoline pumped was a statistically signifi-
cant predictor of exposure. Egeghy et al. (2000) measured some higher concentrations
during three times longer refueling times at the service station without Stage II VRS than
what was found in Study III. The pumped amounts may explain some of the difference,
but the exposure levels were nearly the same. The mean concentrations measured by
Vainiotalo et al. (1999) in Finland fall between the exposure levels of refuelings with and
without Stage II in Study III.
Rappaport et al. (1987) measured the service station attendants’ daily exposures to
gasoline and found that the Stage II VRS reduces TWA 8h values to 12% of the preced-
ing conditions without VRS. On the other hand, the exposure levels without the Stage II
VRS were quite high in this study compared to CONCAWE (2000) results of European
working conditions in similar work. The exposure level in the CONCAWE report was
similar as the level observed in this study during 40 fillings at the Finnish service station
without VRS.
Before Stage II VRS, the customers were occasionally exposed to 600 mg/m3 of HC,
to 12 mg/m3 of benzene, and to 74 mg/m3 of MTBE. Moolenaar et al. (1994) found
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some slight symptoms among refuelers and commuters. Opiekun et al. (2001) connected
problems to groups which refueled often. Rare but high concentration peaks at service
stations may also explain the phenomenon reported by Moolenaar.
 The VOC emissions of gasoline have aroused in the public interest for some time. In
Helsinki, the mean population exposure to benzene is about 2 µg/m3 when exposure in-
doors, outdoors and at work is taken into account (Edwards et al. 2001). The one-minute
mean exposure to benzene concentration of 2 mg/m3 (Table 10) once a week during refueling
is about 10% of the total exposure. This exposure is only 1–2% with the Stage II VRS. The
90th percentile levels were 4–6 times higher than the mean values (Appendix 2).
Even though Stage II VRS is not legally stipulated, as Stage I is, it would be highly
desirable that this improved technology would be adopted when the stations are reno-
vated. Presently, only 10% of altogether 1800–1900 service stations have installed a Stage
II VRS (ÖKL 2001).
6.4 Consistency of biological monitoring
The measured urinary components of concern were only small aliquots of the inhaled
dose. The amount of U-MTBE and U-TBA recovered in the urine during 24 h after the
exposure was only 1.1% of the calculated uptake (Study IV). In experimental exposure, a
similar low recovery of about 1% for U-MTBE and U-TBA was also observed by Johanson
et al. (1995). The half-life of U-MTBE was rather short after the exposure, whereas the
corresponding tert-alcohol was excreted more slowly. This has been shown also in previ-
ous experimental exposure studies. The major portion of the MTBE retained in the body
is metabolized and excreted as 2-hydroxyisobutyrate, which is also formed endogenously.
The second biggest metabolite, 2-methyl-1, 2-propanediol, might be a suitable exposure
indicator, but so far it has not been used for this purpose (Amberg et al. 1999). Thus the
minor components, U-MTAE and U-TAA, remain the only useful components in expo-
sure assessment (Amberg et al. 2000).
In Study IV, in which voided urine samples were collected for a 24-hour period after
the beginning of the shift in the middle of the working week (Thursday), the concentra-
tion of MTBE after the work shift gave the most reliable estimation of exposure (p<0.001).
On the other hand, the correlation between U-TBA concentration and exposure reached
its maximum a few hours before the next shift. Although the concentrations of U-TBA
were well above the QL, the correlation between post-shift U-TBA and exposure remained
poor. Thus, the analysis of U-TBA in urine was not well suited for estimating the expo-
sure of the same day in the chronic exposure apparently due to its half-life of 10–12 hours
(Amberg et al. 1999). MTAE was a newly introduced oxygenate during the study, and
was not yet a constituent in every shipment of gasoline. U-MTAE values were mostly
smaller than QL. Only seven of the 11 participating drivers were exposed properly to
DISCUSSION
55
MTAE. The correlation between exposure and U-TAA was significant for pre-next-shift
samples of these seven men (Table 13).
The follow-up of one work week revealed the accumulation. The mean day-to-day
correlation coefficients (r
d
) were high in the beginning and at the end of the work week,
whereas poor correlation values were detected in the middle of the week due to low expo-
sures during those shifts.
The correlation coefficients (r
w
) between the whole week sample pairs of the MTAE
(8h TWA) and post-shift U-MTAE or U-TAA were high (Table 13). The pre-next-shift
U-TAA also showed a good correlation, but the pre-next-shift coefficient for U-MTAE
was very low because, again, many of the urinary concentrations were below the QL. This
means that post-shift U-MTAE, post-shift and pre-next-shift U-TAA were the best esti-
mators for assessing MTAE exposure.
In the study covering five shifts, MTBE and MTAE were measured at low exposure
levels under variable field conditions, where great variations in work patterns changed the
exposure level constantly. The results of post- and pre-next shift U-MTBE, U-MTAE
and their respective alcoholic metabolites were in good agreement with previous shift-
long breathing zone exposure measurements with passive dosimeters. For alcoholic
metabolites, the samples should be collected at the end of the first work day or before the
second work day after the rest period, when assessing daily or task-specific exposure. Oth-
erwise the samples may represent the accumulation over longer period than only the pre-
ceding shift.
The linear correlation was very poor between urinary benzene and toluene concentra-
tions and ambient exposure (Study V). This was partly due to the sampling and storage
of urine in plastic bottles, which are suitable for water-soluble ethers and alcohols but not
for lipophilic aromatic compounds. Also, the exposure to tobacco smoke elevated urinary
benzene content. The urinary benzene concentrations had a strong positive association
with the drivers’ body mass from the first pre-shift sample to the end of the work week,
whereupon the accumulation in adipose tissues is a confounder in the exposure-excretion
relationship.
In Study VI, in which urine was collected and stored in glass vials, the post-shift
correlations between airborne and urinary concentrations of benzene and toluene were
0.57 and 0.58, respectively, and were significant at the 5% risk level (r >0.53 and n=13).
The average level of urinary benzene in nonexposed persons has been reported to be up to
10 nmol/l in nonsmokers (Kivistö et al. 1997; Ong et al. 1994). This corresponds to the
airborne concentration of 3 mg/m3, which is then the lowest exposure level to be moni-
tored from urine by the solid phase micro extraction. The levels of urinary xylenes and
trimethyl benzenes were just above the detection limit and, therefore, the estimation of
the present exposure to gasoline is not reliable with these components.
The main reason for biomonitoring, the measurement of gasoline components or their
metabolites in urine, is that it is a better predictor of health risk than the airborne con-
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centration, because it takes into account the individual differences in retention, distribu-
tion and excretion. The half-lives of gasoline components are relatively short. Tert-ethers,
benzene, toluene and xylenes all have half-lives less than 5 h; thus the end of shift sample
represents only 60–80% of the daily exposure (Droz et al. 1991), i.e., it describes only the
fairly short exposure history of the past few hours. If the half-life is 10–15 h, as for the
two tert-alcohols, the biomonitoring describes the exposure history of 1–2 days before
sample collection. Reasonable results were also obtained here both with post-shift and
pre-next-shift sampling for tert-alcohols. In addition, they have no endogenous sources,
nor are they commonly used elsewhere, like in perfumery.
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7. Conclusions
1. The technical progress of vapor recovery systems has substantially reduced the expo-
sure levels of the workers in the gasoline distribution chain. Stage I technology has de-
creased especially the short-term high exposures during the loading and unloading of road
tankers. The present exposures are only 20% of the former levels. The non-occupational
exposure of refueling customers can be controlled effectively with the Stage II vapor re-
covery system. This also reduces the station attendants’ exposure down to 25%, com-
pared to refueling without the exhaust nozzle.
2. The occupational gasoline exposure is typically of relatively short duration, but it oc-
curs several times daily. The exposure levels varied widely between tasks, individuals and
shifts. However, the air concentrations remained moderate or even low, and the risk of
benzene exposure has also decreased since 1994 when RFG was introduced. In Finland,
the present oxygenate concentrations have been low, 10 to 20 mg/m3 in short-term tasks,
and 1 to 2 mg/m3 as 8h TWA values, even though Finnish gasoline contained higher
concentrations of MTBE than the gasoline used elsewhere in Europe. Even the RWC
levels observed in Finnish occupations were moderate. Thus it can be concluded that the
new type of unleaded reformulated gasolines with high oxygenate contents do not cause
major problems in occupational hygiene.
3. Both active sampling with activated carbon tubes and passive sampling with Tenax GR
diffusive monitors appeared to be good methods for gasoline measurements with reserva-
tions for components with low boiling points. The methods gave comparable results. To
enable the collection of C
3
-C
4
 hydrocarbon components, stronger adsorbents are needed
for diffusive sampling.
4. The multicomponent monitoring of gasoline components from urine reflected occu-
pational exposure well. Oxygenates and their tert-alcohol metabolites are suitable biologi-
cal indicators that can be measured even at the present low exposures (about 1 mg/m3).
The concentrations of aromatic hydrocarbons were low in urine samples, but even non-
smokers’ toluene and benzene levels nevertheless showed a relationship with the exposure.
Tobacco smoking is a strong confounder for the biological monitoring of low occupa-
tional benzene exposure, but it does not disturb the biomonitoring of tert-ethers or tert-
alcohols. Tert-ethers and tert-alcohols have no confounders, and endogeneous sources and
the analytical methods are feasible means to determine actual exposure levels. Both the
post-shift and pre-next-shift samples reveal the previous exposure best after a non-expo-
sure period or during a rising exposure course.
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Table 1. The comparison of GM and GSD values for air concentrations
grouped per task and VRS (Studies (I–VI).
(1) Data with VRS still include some relatively great exposure values and several <DL values
expanding the GSD, a descriptor of the relation between GM and the distribution. (The
unexpected high exposures refer to occasional malfunctions of the present technology.)
Table 2. The comparison of GSD values for excreted concentrations and
respective air concentrations (Studies (I–VI).
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The 90th percentile of exposures(RWC) in various work tasks in the
gasoline transportation chain. Studies I–IVa refer to short-term
exposures and Studies IVb–VI refer to full-shift exposures (TWA 8h).
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